Ovarian development absolutely depends on communication between somatic and germ cell components. In contrast, it is not until after birth that interactions between somatic and germ cells play an important role in testicular maturation and spermatogenesis. Previously, we discovered that Irx3 expression was localized specifically to female gonads during embryonic development; therefore, we sought to determine the function of this genetic locus in developing gonads of both sexes. The fused toes (Ft) mutant mouse is missing 1.6 Mb of chromosome 8, which includes the entire IrxB cluster (Irx3, Irx5, Irx6), Ftm, Fts, and Fto genes. Homozygote Ft mutant embryos die around embryonic day 13.5 (E13.5); therefore, to assess later development, we harvested gonads at E11.5 and transplanted them into nude mouse hosts. Our results show defects in somatic and germ cell maturation in developing gonads of both sexes. Testis development was normal initially; however, by 3-wk posttransplantation, expression of Sertoli and peritubular myoid cell markers were decreased. In many cases, gonocytes failed to migrate to structurally impaired basement membranes of seminiferous cords. Developmental abnormalities of the ovary appeared earlier and were more severe. Over time, the Ft mutant ovary formed very few primordial or primary follicles, which contained oocytes that failed to grow and were surrounded by scarce granulosa cells that expressed low levels of FOXL2. By 3 wk after transplantation, it was difficult to identify ovarian tissue in Ft mutant ovary transplants. In summary, we conclude that the Ft locus contains genes essential for somatic-germ cell interactions, without which the germ cell niche fails to mature in both sexes.
INTRODUCTION
The structure and function of the ovary and testis depend on communication between germ and somatic cell populations. In ovarian development, somatic cells require the presence of germ cells to maintain their identity. Genital ridges devoid of oogonia will initiate formation of prefollicle cells, however, differentiation soon ceases, and the developing gonad will eventually degenerate to a streak gonad containing only stromal tissue [1] . If germ cells are lost after the onset of meiosis, female supporting cells will transdifferentiate into Sertoli-like cells and promote ectopic expression of characteristically male genes [2] [3] [4] . Once follicles have matured past the primary stage, however, ablation of oocytes has no effect on granulosa cell identity [4, 5] . Ultimately, if there are too few primordial follicles capable of transitioning to the primary stage by the early postnatal period, the ovary cannot recover and consequently suffers long-term subfertility or premature failure. Meanwhile, in the testis, somatic cell lineages and testis cords can form in the absence of germ cells, suggesting that germ-somatic cell interactions are dispensable for early testicular formation [6] . Even so, this intimate connection is absolutely required after birth, when Sertoli and germ cells work together through physical interactions and paracrine signaling to facilitate movement of gonocytes from the center to the basement membrane of the seminiferous cords to form the spermatogonial stem cell niche [7] [8] [9] [10] [11] .
The precise mechanisms through which somatic and germ cells interact during mammalian gonadogenesis is unknown. One factor, Irx3, exhibits an expression pattern in somatic cells of the female gonad during development that corresponds to important events in germ cell maturation. Irx3 transcripts rise as pregranulosa cells surround oocytes transitioning into meiosis and fall after birth as primary follicles are forming [12] . Irx3 is a member of the Iroquois homeobox transcription factor family that includes six family members clustered in two groups of three with the IrxA cluster (Irx1, Irx2, Irx4) on chromosome 13 and the IrxB cluster (Irx3, Irx5, Irx6) on chromosome 8 in the mouse [13] . In general, clustered family members share similar expression patterns, and only the IrxB gene cluster, especially Irx3 and Irx5, is expressed in mouse gonads [14, 15] . In agreement with other studies, we report herein that IRX5 shares a similar expression profile as IRX3 within developing ovaries. Based on these findings, we hypothesize that expression of the IrxB gene cluster within female somatic cells is important for somatic-germ cell communication that promotes oocyte maturation within the developing ovary.
Currently, there are no reports of functional studies for Irx3 in mice. However, Irx5 À/À mice are fertile, suggesting that these factors likely compensate for each other and imply that optimal assessment of the function of these genes requires elimination of the entire IrxB cluster [16] . To assess the loss of the IrxB cluster, we investigated gonad development using the fused toes (Ft) mutant mouse model. The Ft mutation is a 1.6-Mb deletion on mouse chromosome 8 that eliminates at least six genes, including the IrxB cluster and three other genes, Ftm, Fto, and Fts [17] . In addition to these genes, it is possible that this region contains sequences important for regulation of distant genes or encodes other yet unidentified factors.
None of the six genes identified within the Ft locus have been associated with reproductive defects. Little is known about Irx6 function, and Irx5 À/À mice have deficits in electrical gradients within the heart and abnormal retina formation [18, 19] . Irx3 has been suggested to function as an organizer in early zebrafish embryos and is integral to development of several critical organs, including the spinal cord and kidney; targeted mutation studies have yet to be published [20] [21] [22] [23] .
Other than the IrxB cluster of homeobox genes, the other three factors within the Ft locus-Ftm, Fto, and Fts-have disparate functions associated with other systems. Ftm encodes a ubiquitously expressed protein within the basal body of cilia that functions to help transduce the hedgehog signal [24] [25] [26] [27] . Targeted mutation of this gene causes perinatal death with defects affecting left-right asymmetry and patterning of the neural tube and limbs [27] . The loss of Fto in mice causes significant postnatal growth retardation and lean body mass [28] ; FTO function includes DNA demethylase enzyme activity associated with energy metabolism [29] . Notably, Fto À/À mice are fertile. Finally, Fts encodes a protein similar to ubiquitin-conjugating enzymes [30, 31] , and targeted disruption of this gene in mice exhibited no obvious phenotype (Ulrich Rüther, unpublished results).
Heterozygote Ft mutant mice are viable and fertile with abnormalities that include fusion of digits 1 to 4 in the forelimbs and hyperplasia of the thymus [32, 33] . Homozygote Ft mutant embryos die between Embryonic Day 10.5 and 14.5 (E10.5-14.5) because of a combination of severe abnormalities in brain, spinal cord, craniofacial, heart, and limb development [32] [33] [34] [35] [36] [37] . Almost all of the affected organs with the Ft mutant mouse express the IrxB cluster; therefore, this mouse has been used as a model to investigate the function of these genes [36, 37] .
Previously, we reported defects within primordial germ cells during early development of Ft mutant mice [16] . In those studies, we discovered that primordial germ cell migration to the developing gonad was normal; however, their numbers were significantly decreased due to proliferation defects. The doubling time for primordial germ cells was consistently increased in Ft mutant mice compared to wild-type littermates from E9.5 to E12.5. By E12.5, both male and female gonads had barely half the normal number of primordial germ cells. In the present study, we focused on somatic cell development and the consequences of fewer germ cells in later development of Ft mutant gonads. Gonads from Ft mutant and wild-type embryos were harvested at E11.5, before embryonic death, and transplanted into nude mouse hosts to facilitate continued development [38] [39] [40] . Although initial formation and development of the testis within Ft mutant embryos was no different from wild-type controls, the seminiferous cord support structure began to disintegrate once Ft mutant testes achieved the stage of maturation that required interaction between somatic and germ cells. In addition, we report that ovaries from Ft mutant mice degenerated over time, with combined failure of somatic and germ cells that ultimately culminated in disturbed follicle structures and arrested progression of follicles at the primary stage. Each of the Ft locus genes, except for Irx6, is expressed to some degree in postnatal gonads. Based on these data, we conclude that one or more factors encoded within the Ft locus contribute to somatic-germ cell interactions that are required to escort the immature gonocyte into its sexspecific environment that will eventually depend on external signals for continued maturation.
MATERIALS AND METHODS

Animals
Wild-type (Wt) or heterozygote female and male Ft mutant mice were bred, and the presence of a vaginal plug the next morning was considered 0.5 day of gestation (E0.5). Wild-type gonads were collected from C57BL/6 (Charles River Laboratory) mice at the indicated days for determination of expression profiles for each of the genes within the Ft locus. Embryos from Ft þ/À breeding pairs were collected at E11.5 for transplantation and distinguished by genotyping using the following primers to allow (1) 
RNA Extraction and Real-Time PCR
RNA was prepared from pooled individual gonads of the same sex at each time point using the RNeasy Micro Kit (Qiagen). Adult ovaries and testes were collected from 6-to 7-wk-old mice. All real-time PCR assays were carried out using the SYBR Green I Kit (Applied Biosystems) as previously described [12] . Gene-specific primers were designed using Primer Express (Version 2.0; Applied Biosystems); primer sequences are shown in Table 1 .
Gonad Transplantation
Gonads were harvested at E11.5 from embryos resulting from the cross of Ft þ/À breeding pairs and then transplanted underneath the kidney capsule of a gonadectomized nude mouse of at least 8 wk of age (Charles River Laboratory). Gonadectomy was performed 10-14 days prior to transplantation surgery. Kidney capsule transplantation was performed as has been described previously [38] [39] [40] (http://mammary.nih.gov/tools/mousework/Cunha001/ index.html). Briefly, a dorsolateral incision was made into the skin and peritoneum to expose the kidney. A small incision was made into the kidney capsule and a pair of wild-type or Ft mutant gonads was inserted under the 
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CGACCTGGAAGTCCAACTAC ATCTGCTGCATCTGCTTG ABNORMAL GONAD DEVELOPMENT IN Ft MUTANT MICE capsule. The kidney was returned to its normal anatomical position. The body wall was sutured, and the skin was closed with wound clips. Grafted ovaries were recovered 1, 2, and 3 wk after transplantation; grafted testes were recovered after 1 wk and then transplanted under the skin at the back of the neck of a new host for 1 or 2 more wk.
Immunohistochemistry
Tissues were fixed in 4% paraformaldehyde in phosphate-buffered saline (pH 7.4) and processed for standard frozen sections in OCT freezing media (Tissue-Tek). Primary antibodies were as follows: goat anti-MIS (1:250; Santa Cruz Biotechnology), rabbit anti-VASA (1:100; Santa Cruz Biotechnology), mouse anti-TRA98 (1:250; Cosmo Bio), rabbit anti-cH2A.X (1:250; Millipore), goat anti-FOXL2 (1:250; Everest Biotech), rabbit anti-porcine CYP17 (1:200; kind gift from Dr. Dale B. Hales, Southern Illinois University), mouse anti-alpha-smooth muscle actin (1:1000; Sigma-Aldrich), rabbit anti-SOX9 (1:200; Millipore), and rabbit anti-LAMININ (1:250; Sigma-Aldrich). All secondary antibodies (fluorescein isothiocyanate-or rhodamine-conjugated donkey anti-rabbit and anti-goat antibodies) were obtained from Jackson Laboratory and used at a dilution of 1:300. Images were collected on a Nikon E600 microscope and processed using Adobe Photoshop.
Histology
Samples were processed and embedded in paraffin or plastic. Tissues processed for plastic sections were fixed in 4% glutaraldehyde overnight and kept in 2% glutaraldehyde at room temperature or 48C. Tissue processing and staining of plastic sections (toluidine blue/basic fuchsin staining) were performed in The Center for Microscopic Imaging, College of Veterinary Medicine, University of Illinois, based on previously described methods [41] .
Sertoli Cell Proliferation Analysis
Following a 2-or 3-wk transplantation period, testes were processed in paraffin for immunohistochemistry using the proliferation marker Ki-67 (MKI67; BD Transduction Laboratories). Following immunostaining, tissues were counterstained with Harris hematoxylin (Leica Microsystems) as described previously [42] . Briefly, random tubules were selected, and all FIG. 1. Expression patterns in male and female gonads of the genes disrupted in the Ft mutant mouse. Quantitative PCR results for Ft locus genes Irx3 (A), Irx5 (B), Ftm (C), Fts (D), Fto (E), and Irx6 (F) in female (black bars) and male (white bars) gonads at E12.0, P0, P4, and adult. Results show mean 6 SEM of three biological replicates performed in triplicate at each time point. The fold change was calculated relative to transcript levels of the female gonad at E12. Bars were marked as significant if at least P , 0.05; a: statistically significance between time point and E12.0 female, b: statistically significance between sex at each time point. G) Transcripts of each gene were evaluated relative to values from Fts in ovaries at P0 to obtain a general impression of relative expression of the six genes.
Sertoli cells were counted in that tubule, with a minimum of at least 300 Sertoli cells/sample. The labeling index was calculated as the total number of MKI67-positive Sertoli cells divided by the total Sertoli cell count in each sample.
Statistical Analysis
Statistical differences were assessed using Student t-test or two-way ANOVA analysis as indicated using SigmaPlot 11.2 software (Systat Software Inc.).
RESULTS
Sexually Dimorphic Expression of Ft Locus Genes in Gonads
Ft mutant mice have been used to investigate the function of IrxB cluster genes (Irx3, Irx 5, Irx 6) because the phenotypes coincide with organs that express these genes [37] . To assess gonadal expression of genes within the Ft locus (Irx3, Irx5, Irx6, Ftm, Fto, and Fts), we isolated RNA from ovaries and testes of wild-type C57BL/6 mice at pre-and postnatal developmental stages. All six genes were expressed in gonads of both sexes; however, Irx6 expression was extremely low (Fig. 1G) . Four factors, including Irx3, Irx5, Ftm, and Fts, demonstrated greater transcript levels in female versus male gonads. Results showed ovarian-specific expression of Irx3 starting at E12 (Fig. 1A) . Irx3 transcripts were significantly elevated at birth (postnatal day 0, P0) and steadily declined thereafter, consistent with previous reports [12] . The expression pattern for Irx5 was similar to Irx3 with the exception of the appearance of significant transcripts in adult testes (Fig.  1B) . Ftm and Fts transcript levels were similar to each other and demonstrated comparable expression in male and female gonads at E12, increased expression in female gonads from P0 to P4, and then elevated transcript levels in adult testes (Fig. 1,  C and D) . In general, expression profiles of Irx6 and Fto were similar between male and female gonad samples; however, Irx6 transcripts steadily decreased over time (Fig. 1, E and F) .
Early Ovarian Development Is Defective in Ft Mutant Embryos
In our colony, Ft mutant embryos maintained on the C3H background die around E13.5. Therefore, gonads were harvested at E12.5 to assess the effect of the mutation before death. Morphologically, there was no difference in size or shape between wild-type and Ft mutant gonads. Few germ cells were clustered within cysts or cords of female or male gonads, respectively, supporting previous findings (Fig. 2 , B and D) [16] . In developing testes, cord formation and Sertoli cell maturation appeared no different than wild-type littermates as assessed by immunohistochemistry of laminin, a basement membrane marker that outlines testis cords (data not shown), and a Sertoli cell marker, Müllerian inhibitory substance (MIS; Fig. 2, C and D) . In contrast, many somatic cells within Ft mutant ovaries were not associated with germ cells and instead appeared bunched together and disorganized. All female somatic cells maintained FOXL2 expression (Fig. 2B) .
Because it has been reported that somatic cells lacking their corresponding oocytes may transdifferentiate into Sertoli cells during ovarian development [2] [3] [4] , we investigated whether oocyteless somatic cells expressed SOX9 at two different time points, E12.5 and P0. SOX9 was not detected in E12.5 ovaries, before meiotic division (data not shown); however, by P0, a small number of FOXL2-positive cells also expressed SOX9 in the Ft mutant ovary, suggesting that some granulosa cells transdifferentiated over time (Supplemental Fig. S1 ; all the supplemental data are available online at www.biolreprod.org).
Selected sex-specific somatic cell markers were assessed in gonads harvested from embryos at E12.5 directly and after 2 days of explant culture. Transcripts of Wnt4 were not different, but Foxl2 exhibited a significant decrease in Ft mutant ovaries. A male-specific factor, Sox9, was increased in mutant gonads (Fig. 2E) . To summarize these data, we conclude that gonads from Ft mutant males at E12.5 display no detectable difference 
Values represent the mean 6 SEM, and expression is reported relative to transcript levels of wild-type controls. *P , 0.05; **P , 0.005.
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in the absence of normal germ cell numbers [6] . In contrast, female gonads exhibited low germ cell numbers in addition to abnormal organization of neighboring somatic cells. Not all female-specific markers were abnormal, suggesting that the defective phenotype is not caused by global dysfunction of ovarian development. It has long been established that ovaries fail to form in the absence of germ cells [1] , but the minimal number of germ cells that can support normal development is unknown. These results prompted additional studies to assess the potential for continued maturation of gonads. Because homozygote Ft mutant embryos die around E13.5, gonads were harvested at E11.5 from wild-type and Ft mutant embryos and transplanted under the kidney capsule of a nude mouse host to evaluate gonadal development over time.
Germ Cells Fail to Mature Within the Abnormal Cord Environment of Ft Mutant Testes
Testes were assessed after 1 wk of transplantation under the kidney capsule, which approximates the time of birth, or P0. Results showed no obvious difference in cord morphology or expression of distinguishing factors within Leydig cells, Sertoli cells, or the basement membrane as highlighted by expression of cytochrome P450 17a hydroxylase/17,20 lyase (CYP17), AMH (MIS) or SOX9, or laminin, respectively (Fig. 3) . However, a slight, but noticeable, change was detected in expression of a smooth muscle actin (aSMA, also known as ACTA2). Staining of this peritubular myoid cell marker appeared somewhat irregular and completely absent around some testicular cords (Fig. 3F) . Similar results were obtained with testes transplanted for 1 wk under the kidney capsule plus an additional week under the skin of a nude mouse host (data not shown). This time frame was approximately equivalent to P7.
Initial transplant experiments performed with testes under the kidney capsule for more than 1 wk resulted in the disappearance of germ cells in both wild-type and Ft mutant samples (Supplemental Fig. S2 ). Based on these results, we concluded that the relatively warm intra-abdominal environment of the kidney capsule was not appropriate for testis development after 1 wk. Therefore, transplants to be assessed after more than 1 wk were translocated under the skin at the back of the neck.
Testes from approximately P14 were obtained by transplanting E11.5 testes under the kidney capsule for 1 wk and then transferring them under the skin for an additional 2 wk. Abnormalities in testicular maturation and morphology were detected and included decreased Sertoli cell expression of AMH, a disrupted basement membrane surrounding the seminiferous cords as highlighted using hematoxylin-eosin and laminin stains, and irregular ACTA2 expression (Fig. 4) . Leydig cell expression of CYP17 was not different in Ft mutant testes (data not shown). In approximately 50% of mutant testes, the few remaining gonocytes were found misplaced in the center of the tubule, suggesting that they failed to migrate to the basement membrane of the tubules (Fig.  4H and Supplemental Fig. S3 ). The centrally located germ cells within the tubule displayed characteristics suggesting cell death (Fig. 4B) .
To examine progress of Sertoli cell differentiation, we evaluated the proliferation of these cells over time [43] . Sections of grafted testes from wild-type and Ft mutant mice were immunostained with MKI67, a marker of cell proliferation, after 2-and 3-wk transplantation. At 2-wk posttransplantation (equivalent to approximately P7), a high level of Sertoli cell proliferation was detected in both wild-type and mutant testes (wild type 25.7% 6 5.1% vs. Ft/Ft 28.4% 6 4.6%; P ¼ 0.4) (Fig. 4, I and J). After an additional week of transplantation (P14), proliferation was dramatically decreased in Sertoli cells of both wild-type and Ft mutant testes (wild type 9.3% 6 2.4% vs. Ft/Ft 4.2% 6 1.2%; P ¼ 0.06) (Fig. 4 , K and L). At this later stage, it is sometimes difficult to distinguish Sertoli from germ cells at the basement membrane; therefore, the value of Sertoli cell proliferation in the wild-type testes may be artificially elevated because of inadvertent counting of a few germ cells. Most notably, we detected significantly reduced proliferation of Sertoli cells in grafted testes harvested at P14 versus P7 in both wild-type and Ft mutant samples (P , 0.001, Bonferroni post-hoc test, two-way ANOVA). Although we were unable to isolate the developmental defects within the Ft mutant testis to one specific cell type, we have shown that proliferation of Sertoli cells is not affected, suggesting that the Ft mutation affects other maturation events in these and other cells. Based on these data, we conclude that Ft mutant testes form normally, but over time, Sertoli and peritubular myoid cell function disintegrates, resulting in decreased expression of important factors that contribute to integrity of the cord basement membrane and development of the spermatogonial stem cell niche.
Normal Follicles Fail to Form in Ft Mutant Ovaries
Histological examination of transplanted wild-type ovaries demonstrated normal progression of germ cell nests into single FIG. 4 . Sertoli and peritubular myoid cell function is disrupted. Wildtype (þ/þ; A, C, E, G, I, K) and Ft mutant (Ft/Ft; B, D, F, H, J, L) testes were harvested from E11.5 embryos, placed under the kidney capsule for 7 days, and then transplanted under the skin at the back of the neck for an additional 2 wk, for a total of 3-wk transplantation in castrated nude mouse hosts (A-H, K, L). Others were transplanted under the skin at the back of the neck for an additional week for a total of 2-wk transplantation (I, J). Hematoxylin and eosin stained wild-type (A) and Ft mutant (B) testes (arrowheads denote peritubular myoid cells; the black arrow indicates a group of dead germ cells). Basement membrane (laminin, green) and Sertoli cell (AMH, red) stained wild-type (C) and Ft mutant (D) testes (white arrows, disrupted areas of laminin staining). Wild-type (E) and Ft mutant (F) testes stained for peritubular (ACTA2, red) and Sertoli cell markers (SOX9, green) (white arrows highlight irregular ACTA2 staining). TRA98 (red) and laminin (green) mark germ cells and basement membranes, respectively, in wild-type (G) and Ft mutant (H) testes (white arrow illustrates disrupted laminin staining; white arrowhead points out FIG. 5. Follicles in Ft mutant ovaries fail to mature. Wild-type (þ/þ) and Ft mutant (Ft/Ft) ovaries were harvested at E11.5, transplanted under the kidney capsule of ovariectomized nude mouse hosts, and then harvested after 1, 2, or 3 wk. Hematoxylin and eosin staining of plastic or paraffin sections are shown from wild-type (A, C, E) and Ft mutant (B, D, F) ovary transplants. A, B) After 1-wk transplantation, wild-type (A; arrows, primordial follicles) and Ft mutant (B; dotted outline, follicles; arrow, multiple oocyte follicle) ovaries. C, D) After 2-wk transplantation, wildtype (C; arrows, primary follicles; arrowhead, secondary follicle) and Ft mutant (D; arrows, abnormal follicles surrounded by few fusiform granulosa cells) ovaries. E, F) After 3-wk transplantation, wild-type (E; arrow, preantral follicle) and Ft mutant (F; dotted outline, small primary follicle) ovaries. Original magnification 340 (A-F). (Fig. 5, A, C, and E) . In contrast, germ cell nests persisted alongside single follicles in Ft mutant ovaries (Fig. 5, B, D, and F) . In addition, the follicles within the Ft mutant ovary contained germ cells that were substantially smaller than those found in wild-type and were surrounded by a single cell layer of somatic cells that were either fusiform or cuboidal in shape (Fig. 5, D and F) .
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Germ cell maturation was monitored in transplanted ovaries over time. Samples taken 7 days after transplantation under the kidney capsule (approximately equivalent to P0 or birth) were evaluated for progression into meiotic division using H2AFX, which marks double-stranded breaks in chromatin undergoing homologous recombination. Although few germ cells were identified in Ft mutant ovaries, there was evidence that they could enter into meiotic division (Fig. 6B) . Examination of follicles after 2-and 3-wk transplantation under the kidney capsule (equivalent to approximately P7 and P14 respectively) showed that follicles in wild-type ovaries progressed from primary to preantral stages and germ cells increased in diameter (Fig. 6, C and E) . In contrast, germ cell-containing follicles within Ft mutant ovaries were increasingly difficult to identify over time, and germ cells failed to develop (Fig. 6, D , F, and G).
Follicle morphology and integrity of granulosa cells were also assessed in transplanted ovaries over time. In wild-type ovaries, granulosa cell markers, AMH and FOXL2, showed clearly demarcated individual follicles that were surrounded by a normal basement membrane as illustrated by laminin staining (Fig. 6, H and J) . AMH and FOXL2 were expressed in granulosa cells of Ft mutant ovaries but in irregular patterns and at substantially lower levels than wild-type cells (Fig. 6I) . Transcripts of Foxl2 were significantly lower earlier in ovarian development even though protein expression did not appear to be affected (Fig. 2) . The protein expression patterns within the mutant ovaries identified some granulosa cells that were organized as follicles but also recognized disorganized somatic cells that lacked germ cells (Fig. 6I) . A subset of these granulosa cells expressed SOX9, suggesting that there was transdifferentiation to Sertoli-like cells in the absence of germ cells (Supplemental Fig. S1 ). Adding to the apparent disarray of ovarian structure, laminin staining demonstrated significant disruption of the basement membrane surrounding the follicles and granulosa cells within mutant ovaries (Fig. 6K) . Based on these data, we conclude that communication is disrupted between disorganized and degenerating granulosa cells and neighboring germ cells that stunt follicle maturation in Ft mutant ovaries.
DISCUSSION
The Ft mutant mouse model has been an important tool to investigate the function of IrxB cluster genes. In the case of gonad development, IrxB cluster genes are specific to ovarian development; however, Ft mutant gonads exhibited defects in both ovary and testis. Although six genes-Irx3, Irx5, Irx6, Ftm, Fto, and Fts-are expressed in gonads of both sexes, Irx3, Irx5, Ftm, and Fts transcripts were present at higher levels in , and a granulosa cell marker, AMH (green), after 2-wk transplantation (arrows, small follicles). E-G) Ovaries from wild-type (E) and Ft mutant (F, G) embryos were harvested after 3-wk transplantation and assessed for follicle morphology. VASA (red) and AMH (green) expression illustrate follicles (arrows, antral follicles, note differences in magnification). H, I) Ovaries subject to 2-wk transplantation were assessed for expression of granulosa cell-specific markers, AMH female gonads. Ft mutant testes appeared relatively normal up to 2-wk posttransplantation other than a low germ cell count [16] . However, by the third week after transplantation (equivalent to approximately P14), obvious defects were observed in the basement membrane, peritubular myoid, and Sertoli cells. These cell types, along with gonocytes, must cooperate to form the spermatogonial stem cell niche to promote the onset and maintenance of spermatogenesis. The Ft mutant ovary exhibited abnormalities as early as E12.5 with clumped and disorganized somatic cells, likely a result of few germ cells. Over time, the ovary developed abnormal follicles that never progressed past the primary stage and contained oocytes that failed to grow. Like the developing Ft mutant testis, the extracellular components surrounding follicles were disrupted in the maturing ovary. By the third week after transplantation, ovarian tissue was difficult to detect in most samples, suggesting the dysfunction of the ovary is very severe in these mutants.
Despite the greater expression of Ft locus genes in ovary compared to testes, we discovered many defects that were shared in both male and female Ft mutant gonads. These include decreased germ cell numbers [16] , disrupted basement membranes around germ cell units, and dysfunction of both somatic and germ cell components. Testis formation can occur in the absence of communication between somatic and germ cells; it is not until after birth that their interactions become essential for formation of the spermatogonia stem cell niche [6, 9, 44] . This matches the time and nature of defects within the Ft mutant testes. In contrast, consequences of dysfunctional somatic-germ cell interactions in female gonads are apparent during early ovarian development corresponding to the dependent nature of these two cells for ovary formation [1] . Thus, our data is consistent with the hypothesis that the Ft mutation disrupts somatic-germ cell communications required for development of an optimal environment for maturing germ cells in gonads of both sexes.
Extracellular matrix defects that disrupt somatic-germ cell communication have been reported, but there is little indication that one single factor affects both female and male gonads. In male gonads, matrix molecules play important roles in supporting intercellular connections between Sertoli cells and gonocytes, allowing migration of these cells to the cord periphery after birth [7, 9, 45, 46] . This interaction is essential for subsequent development of germ cells and acquisition of the spermatogonial stem cell niche; gonocytes that fail to migrate to the basement membrane eventually degenerate [47, 48] . The peritubular myoid cells of Ft mutant testes appeared to be the first cell type affected with irregular expression of aSMA as early as 1-wk posttransplantation, or approximately P0. Additional extracellular matrix deficits were obvious after two additional weeks of transplantation with abnormal staining in peritubular myoid cells and uneven laminin expression in Ft mutant testes. In many, but not all cases, gonocytes within mutant testes failed to migrate and appeared as degenerate cells within the center of the tubule.
The Ft mutant ovary contains maturing oocytes and somatic cells expressing female-specific markers; however, the structure is highly disorganized with few germ cell nests amid clumps of oocyteless granulosa cells. Despite this disordered structure, oocytes progressed into meiosis within the Ft ovary, supporting previous work describing oocyte independence from the surrounding somatic cells for this event [49, 50] . Oocyte maturation beyond meiosis, however, is severely affected in Ft mutant ovaries once the oocyte depends on the follicle as a unit. FOXL2 has been shown to play a central role in establishing ovarian architecture to ensure a pool of functional oocytes [51, 52] . Ft mutant ovaries expressed decreasing quantities of FOXL2 over time and shared some similarities in phenotype with Foxl2 À/À mice, especially the laminin defects and a primary failure of granulosa cells to form follicles leading to deregulated oogenesis [51, 52] . Whether Foxl2 expression is regulated by one of the genes within the Ft locus or the decline of its expression merely marks abnormal granulosa cells remains to be determined.
Female-specific expression of the IrxB cluster sparked our investigation into the Ft mutant mouse model; however, our data suggests that other factors within this mutation contribute to gonad defects in both sexes. The known functions of the other genes within the Ft locus-Fto, a DNA demethylase enzyme; Ftm, a component of hedgehog signaling; and Fts, a ubiquitin-conjugating enzyme-provide little information to explain the defects in gonad development. It is important to consider that the Ft mutation encompasses approximately 1.6 Mb of chromosome 8, and it is plausible that other factors, noncoding elements, and/or enhancer sequences may reside within this region in addition to the six known genes. The size of the Ft mutation creates a significant limitation on our ability to pinpoint the cause of any of the associated developmental defects. Thus, the logical first step will be to systematically investigate the IrxB cluster and each of the other individual genes separately.
In conclusion, there are two events that occur within Ft mutant gonads that ultimately result in reproductive failure in both sexes. Any of the sequences within the Ft locus could cause each effect. The first is defective primordial germ cell proliferation that certainly effects continued ovarian development [16] . This occurs between E10.5-14.5, making it less likely that the IrxB cluster genes, which do not reach their peak until mitotic proliferation is ending, contribute to this defect. The second is the disintegration of somatic-germ cell interactions that occur early in ovarian development and after birth in the testis. These deficits contributed to abnormalities within both cell types, reinforcing the notion that two-way communication between these cell types is critical for normal germ cell maturation.
